The effect of 3 ,uM norepinephrine (NE) on intracellular sodium activity (a'Na) and resting membrane potential was studied by continuous intracellular recordings with a conventional and an ion-selective microelectrode. The electrodes were impaled simultaneously in small (diameter, 0.3 the action potential, which has been shown to change substantially the transmembrane sodium gradient.7-'0 In addition, exchange processes that are linked to the sodium gradient may also increase the intracellular Na+ load.9
positive by 1 mV at both levels of [K4jj. The effect of NE became also clearly manifest from the configurational changes of action potentials (profound increase in plateau height and duration). Stimulation of the Na+-K+ pump by NE became manifest from the changes of resting membrane potential and aiNa after abrupt cessation of stimulation. The magnitude and the rate of the decrease in a'Na and the initial rate of hyperpolarization were significantly greater in the presence of NE than in its absence. Comparison of the effect of NE on the changes of aiNa during constant rate and after the transition from stimulation to quiescence suggests that the increase of Na+ influx after administration of NE is counterbalanced by an increased rate of Na+-K+ pumping in the beating guinea pig ventricle. (Circulation Research 1991; 68:1482 -1489 In cardiac tissue, direct measurements of the effect of catecholamines on intracellular sodium activity (aiNa) have been made in quiescent and active Purkinje fibers,1-5 in quiescent ventricular tissue,' and in quiescent isolated myocytes. 6 Most of these studies suggest that catecholamines stimulate the Na+-K+ pump directly. In quiescent cardiac tissue and in active canine Purkinje fibers, this effect leads to a decrease of intracellular sodium.12 '4,6 The change from a quiescent to a beating state will affect transmembrane ionic fluxes and intracellular activities. Compared with quiescence, active ventricular muscle is exposed to rapid sodium influx during the action potential, which has been shown to change substantially the transmembrane sodium gradient.7-'0 In addition, exchange processes that are linked to the sodium gradient (Na+-Ca2' and Na+-H+ exchange) may also increase the intracellular Na+ load. 9 The present investigation was carried out to measure the effect of norepinephrine (NE) on aiNa in beating ventricular muscle (physiological sodium load). Because catecholamines increase Ca'4 influx and efflux only in beating preparations (use dependence"l"12), the effect of NE on alNa is expected to depend on heart rate. Our results are in agreement with a direct stimulating effect of NE on Na+-K+ pumping. However, the steady-state intracellular Na+ in fibers beating at 1 Hz changed very little. This suggests that, in beating myocardium, the effect of NE placed in a preparation chamber. Small trabeculae (250 ,um in diameter and 1 mm in length) were obtained from either ventricle. Use of larger preparations rendered stable, simultaneous impalements of two microelectrodes impossible in the presence of NE. The excised trabeculae were fixed with small insect pins on the silicon floor of a small tissue bath (volume, 0.67 ml). The preparation was excited at different rates by field stimulation (rectangular pulses of 2 msec, double threshold strength). Spontaneously active preparations were discarded. Temperature was kept at 36-37°C by heating the chamber with a Peltier element that was fixed to the bottom of the chamber. Temperature was constantly monitored throughout the experiment.
The preparation was allowed to equilibrate in the recording chamber for 1 hour. Homogeneity of the resting potential was tested in the following way: Each preparation was impaled at three different sites before the experiment started. Homogeneity of the preparation was regarded as sufficient if the maximal difference in resting potential between the three impaled sites did not exceed 1.5 mV. Experiments were only accepted and continued if the impalement of the reference and the ion-selective electrodes remained stable throughout the control and the test period (mechanical displacement of the sodium-sensitive electrode usually produced a small stepwise increase in a'Na). This strict criterion was necessary to monitor changes of VNaE-VM corresponding to a change of aiNa< 1 mM. It limited markedly the number of experiments, because adding NE and/or changing heart rate was leading to an increase in developed tension associated with mechanical instability of the impalements in the majority of the experimental attempts.
VM and aiNa during control superfusion were compared with the values obtained during the test period using the paired Student's t test (all measurements during control and test conditions were performed during single stable impalements of the reference and the ion-selective microelectrodes).
Results
Effect of a Change in Heart Rate on a'Na and Membrane Potential in Absence of Norepinephrine An abrupt change of heart rate is associated with a transient change in transmembrane potential and with a change of aiNa. There is a large amount of evidence for a catecholamine-induced stimulation of the Na+-K+ pump in cardiac tissue and in various other excitable cells (for review on the catecholamine effects in other than cardiac tissue see Phillis and Wu28) . Some controversy exists whether pump stimulation is a direct effect of catecholamine administration or occurs secondary to changes in extracellular K'. Several reports are in favor of a directly mediated effect: 1) Isoproterenol decreased intracellular Na+ in unstimulated isolated cardiac myocytes, where major extracellular K' accumulation is unlikely.6 2) At elevated extracellular K' (when the Na+-K+ pump is saturated by K+),21'29 adrenoceptor stimulation still causes intracellular Na+ to decrease.4'6 In addition, a catecholamine-induced increase in pump current after rapid stimulation was still observed in high extracellular K+,30 and active transport of potassium was still stimulated.31,32 The present results, which were obtained in beating ventricular myocardium, are in agreement with a direct, stimulating effect of norepinephrine on Na+-K+ pumping. In all experiments (and at both levels of [K+]J) in which the effect of abrupt changes in heart rate was studied, the time constant of the changes in aiNa and the changes of In the present experiments, we observed a very small increase in steady-state aiNa in ventricular fibers beating at 1 Hz. Whether this change per se, although statistically significant, represented a real increase in intracellular Na+ cannot be decided with certainty. This is because the Na+-sensitive resin has no absolute specificity and because changes of other ion species16 may contribute in part to these very small changes of Na+-sensitive voltage, which certainly represent the lower limit for detectable changes in alNa. However, our results exclude a decrease of a'Na. They are in accordance with measurements of aiNa in quiescent sheep Purkinje fibers9 but are in contrast with the results in quiescent dog Purkinje fibers12'4 or quiescent isolated rabbit myocytes,6 in which a decrease of a1Na was measured after administration of NE. In the present study, a'Na was not measured systematically at 0 Hz; therefore, it cannot be decided with certainty whether this discrepancy is due to species difference or to a raterelated effect. In a single control experiment, aiNa did not decrease in a quiescent fiber; this finding suggests that species differences might be the most likely explanation. In addition, the metabolic state of the fiber should be taken into account, as discussed below.
A potential difference in the effect of-NE on aiNa between beating and resting muscle is related to the Figure 5 . The underlying model37 assumes three independent, saturable internal binding sites for Na+. When the Jp is expressed in relative terms (maximal flux in absence of NE= 100%), the shape of the curve depends solely on the binding constant for Na4(KM) and the Hill coefficient (n). For the present calculation, KM= 10.5 mM and n= 1.94 were chosen. 38 The fact that the effective n is <3 is probably explained by the interference of internal Na+ binding with K+.39A40
In this model, the activation of Na+-K+ pumping can be expressed by the shift of the relation between Jp and aiNa. The calculation of this shift is based on the assumption that NE only affects the pump rate at saturation and leaves KM and n unchanged. In such a case, the change in the pump rate at saturation can be calculated from the change in r (Cohen et Figure 5 . Figure 5 illustrates, at least semiquantitatively, the importance of the stimulating effect of NE on the Na+-K+ pump in beating muscle, where it counterbalances the increase of Na+ influx and thus contributes to maintainance of a low intracellular Na+ level. (Na+-Ca2' exchange,9 Na+-H+ exchange43).
